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I. INTRODUCTION .0

Mixtures of hydroxylammonium nitrate (HAN), triethanolammonium nitrate

(TEAN), and water, with a salt content of approximately 80 weight percent, are

the liquid monopropellants that are currently being considered for use in

medium-to-large caliber artillery guns. Calculated impetus of the propellants

increases as the TEAN content is increased and is near its maximum value at

N , CO stoichiometry. Energy content is a function both of the HAN:TEAN
2 2

ratio and the total nitrate concentration whereas thermal initiation

temperature is dependent solely on nitrate concentration. Although thermal

initiation temperature is dependent solely on total nitrate concentration, the

rate of gas production after initiation is related to the structure of the

2
organic salt used, the salts of tertiary amines producing gas at rates such

that propellants consisting of HAN and a tertiary aliphatic amine nitrate are

best suited for use in guns. Formulation of the propellants LGP 1845 and 1846

is based in part on these findings and the composition of the propellants is

shown in Table 1.

TABLE 1. Propellant Compositions

Propellant Composition

HAN TEAN Water
(wt %) (M) (wt %) (M) (wt %) (M)

1845 63.23 9.62 19.96 1.38 16.81 13.64
1846 60.79 9.09 19.19 1.30 20.02 15.93

The propellants are compounded with a HAN:TEAN molar ratio of 7 thus providing

the stoichiometry mentioned above, LGP 1846 having a somewhat lower impetus

than LGP 1845 (936 J/g versus 972 J/g) because of its higher water content.

Since both HAN and TEAN are nitrates, the propellants consist of two

cations and a common anion. These mixtures are homogeneous liuiis that are

colorless and odorless, are electrically condn'-ting, atil exhihit 3 vapor

pressure that is lower than the partial pressure of the water )resenft. These



properties are, to a large extent, expected since the propellants are mixtures

of simple ionic salts although salt concentration is high enough that they

have properties characteristic of molten salts. The mixtures remain

homogeneous when cooled, eventually forming glasses at temperatures well below

-500C. 3Although many of the physical properties of the propellants and of

concentrated HAN-water mixtures support the proposition that these materials

are low-temperature molten salts, 4little information is available as yet that

describes the structure and organization of the melt on a microscopic scale.

Such information is needed in order to develop accurate models of the system,

capable of predicting physical properties and reaction pathways.

Infra-red spectroscopy has long been recognized as a method for detailed

study of chemical systems. The infrared region contains the vibrational modes

of the functional groups in a particular molecule. These modes are usually

sensitive to the chemical bonds in their immediate neighborhood, and to weak

inter- and intra-molecular phenomena such as hydrogen-bonding and ion-

pairing. The assembly of functional groups and the often complex effects of

neighboring structures produces the richly detailed spectra characteristic of

the infrared region. These spectra are often unique to a particular compound

and can therefore be used for identification. The recent development of

spectroscopic techniques based on use of the Fourier transform has greatly

expanded experimental capabilities in this region and has made detailed and

sensitive quantitative analysis readily achievable.
5

This report deals with the use of infrared spectroscopy for study of the

HAN-based liquid propellants. Several subjects are addressed. The

feasibility of total assay of propellant, involving the simultaneou; analysis

of all of the components is demonstrated. A quantitative method for

determination of HAN concentration that is suitable for continuous on-line use

at a production facility is described. Finally, the structure of HAN-water

mixtures as a function of concentration is explored in detail, leading to a

self-consistent description of the molecular organization and structure of the

sys tern.

2
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II. BACKGROUND

I. INFRARED SPECTROSCOPY

A Fourier Transform Infrared (FTIR) spectrometer differs fundamentally

from the more conventional dispersive spectrometer in that the interferometer

used in an FTIR instrument modulates polychromatic radiation in time rather

than in space, and a complete spectrum is contained in each interferogram.

The Fourier transform is then used to convert the time domain data to the

frequency domain. The narrow slits needed to obtain resolution in a

dispersive instrument are eliminated, resulting in a substantial increase in

energy throughput. This, in turn, improves signal-to-noise (S/N) ratio and

makes possible the accurate measurement of small signals. The high energy

throughput and speed that are characteristic of an FTIR instrument permit a

spectral scan to be acquired in seconds; multiple scans at high resolution can

be acquired in reasonable times. On the assumption that noise in the data is

random, multiple scans and signal averaging reduces noise because data

accumulate linearly whereas noise accumulates as the square root of the number

of scans. Thus, noise is reduced rapidly and the precision with which either

small signals, or small differences in large signals, can be determined

increases accordingly. The accurate measurement of both weakly absorbing

spectral bands and small differences in bands that result from small

concentration differences in the samples being studied is the ultimate benefit

derived from increased sensitivity. Since the resolving power of an FTIR

spectrometer is a function of the path difference between the two light beams

that produce the interferogram, resolution and sensitivity are not coupled as

they are in a dispersive spectrometer, and weakly absorbing spectral features

can be measured without sacrificing the resolution of the system. In

addition, the richness of detail commonly observed in high resolution spectra

further enhances the possibility of detecting spectral differences.

Attenuated total reflectance (ATR) is a sample-handling method for

obtaining the spectra of non-transparent materials. It is based on the

absorption of radiation by the sample when it is in intimate contact with a
6

crystal of high refractive index. The radiation is transmitted in the

crystal and is focussed at the surface at an angle of incidence greater than

3
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the critical angle. Depth of penetration of the beam into the sample is

dependent on the frequency of the incident radiation, the refractive indices

of the crystal and the sample, and the angle of incidence. Although the Beer-

Lambert Law cannot be applied because sample thickness is rarely known,

absorbance is often observed to vary linearly with concentration and

quantitative data are obtainable. The cylindrical internal reflectance

(CIRcle) cell is a type of ATR accessory especially well suited for obtaining

the FTIR spectra of liquids, especially aqueous samples. The theoretical
7

basis for these methods has been developed and convenient, micro-volume cells

are commercially available. The optical diagram of a CIRcle cell is shown in

Figure 1.

R O D C R Y T O lz -- - -

" .j~, CLE OPT-/CS

Figure 1. Optical Diagram of a Cylindrical Internal Reflectance

(CIRcle) Sample Cell

2. ANALYTICAL REQUIREMENTS

It is expected that HAN will be produced in quantity by the electrolytic
8

reduction of nitric acid. Although production technology does not yet exist

for this material, it is anticipated that a modern production facility will be

developed and that analysis for quality control purposes will be automated and

fully integrated. An on-line, continuous, analytical method for both HAN

purity and composition is therefore required.

4
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HAN, NH OH NO , is an inorganic salt with a melting point of 480 C and is
3 3

sufficiently miscible with water that a 95 wt % HAN mixture is a homogeneous

liquid at room temperature. This property allows HAN, unlike most other

nitrate salts, to be studied as a liquid at very high concentrations while at

room temperature. The ability to vary the HAN:water ratio over a very wide

range presents an opportunity for experimentally observing the transition from

dilute solution to salt melt, and the effect of such transition on the

organization of the ions and solvent.

a+ -

TEAN, [(HOCH 2CH2 ) 3NH] NO3 , the third component of the propellants, is a

white, crystalline, salt that is hygroscopic and readily soluble in water. It

has a melting point of 80.40C 9 and forms aqueous solutions that saturate at

concentrations slightly below 5 M at room temperature. It thus exhibits the

concentrative properties of a conventional ionic salt, and it would be

.xpected that its solutions possess the properties of conventional aqueous

4ol itions.

FTIR spectroscopy shows promise for simultaneous determination of all of

the major propellant components.1 0 11 It is important to bear in mind that

spectral bands chosen for quantitative analytical use should not be especially

sensitive to changes in solution structure or molecular organization, but

should respond in a direct and simple manner to changes in component

concertration. Thus, the spectral bands most useful for structure elucidation

are often the worst bands to consider for quantitative analysis.

3. VIBRATIONAL SPECTRA OF HAN

The infrared spectra at low temperature of the halide salts of
12

hydroxylamine have been recorded and analysed, as have the spectra at room

temperature of these compounds, their deuterated homologs, and the nitrate,
13

sulfate, and perchlorate salts. The Raman spectrum of aqueous 11 M HAN was
Pis.14 15

recorded and analyzed by Van Dijk and Priest. Cronin and Brill stuied

the FTIR spectrum of solid HAN from 170 K to temperatures at which Iecom-

position takes place. Fifer has reported the FTIR spe:tta of cmct.tted

aqueous and deuterated [IAN solutions at differevli temnpratures. iis hand

assignment for the 0-li stretching jnd, cif the hydroxylammoniun in, hA

5
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12-14
differed significantly from values previously reported. He concluded,

17
using the Novak correlation, that the 0--0 bond distance in the O-H--O

hydrogen bond with NO3 in the liquid was 2.61 A, independent of both

temperature and concentration. Cronin and Brill15 also determined the crystal

structure of HAN and showed that HA is surrounded by four nitrate ions. All

four of the HA protons can form hydrogen bonds with the oxygen atoms of NO3

and the 0--0 distance in the O-H--O hydrogen bond is 2.80 A. They suggested

that Fifer's O-H assignment was erroneous and that the Novak correlation was

not valid in this case.

Vanderhoff and Bunte 18 attempted to elucidate the structure of aqueous

HAN solutions using the vibrational spectrum of the nitrate ion. They studied

the laser Raman spectra of 3, 7, and 13 M aqueous HAN in the v 4(E') and
l4

v (Al ) regions. Since the v4 band, considered a good diagnostic for contact
19

ion-pairing, did not show any splitting, even at 13 M, they concluded that

there was no evidence for substantial contact ion-pairing in aqueous HAN.

They did notice that the v4 band shifts to lower frequencies as concentration

decreases and, that at 13 M the band is asymmetrical.

Detailed HAN-water spectral data can resolve issues still pending,

provide the basis for quantitative analysis, and produce additional and

unequivocal evidence concerning the structure of these mixtures. Since such

evidence will be derived from infrared vibrational measurements that relate

closely to fundamental structural properties, they will complement physical

property data already available and either reinforce or negate conclusions

based on such property data.

III. EXPERIMENTAL METHODS AND RESULTS

Infrared spectra were recorded using a Mattson Sirius 100 FTIR

spectrometer equipped with a liquid nitrogen cooled mercury cadmium telluride

(MCT) detector. Samples were contained in a Barnes micro cylindrical-

*Mattson Instruments, Inc, Madison, WI.

** Barnes Analytical Div., Spectra-Tech, Inc., Stamford, CT.

6
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internal-reflection (CIRcle) cell containing a zinc selenide rod. Samj -

volume of the cell is approximately 25 p liter. The spectrometer was

continuously purged with argon in order to minimize interferences from carbon

dioxide and water vapor. Samples were introduced via a small pump located

just outside the spectrometer. The samples were flushed through the cell

until an unvarying spectrum was obtained before data were recorded.

Background was a single beam spectrum of the empty cell filled with Ar gas.
-1

All spectra were recorded at 4 cm resolution and are the result of co-

addition of between 100 and 500 scans.

HAN was prepared from Reagent Grade, 2.8 M solution (Southwest Analytical

Chemicals) by water stripping at 400C under vacuum. A mixture in excess of

94 wt % was prepared and diluted with distilled water to provide samples

covering the concentration range 0.01-16 M. The HAN and water concentrations

of the samples used are listed in Table 2.

TABLE 2. Composition of Aqueous HAN Mixtures

HAN (M) Water (M) Water:HAN Molar Ratio

16 8 0.5
14 14 1
12 22 1.8
10 26 2.6
8 32 4

4 45 11
2 52 26
1 55 55
0.8 55 69
0.4 55 138
0.2 55 275
0.1 55 550

0.08 55 688
0.04 55 1375
0.02 55 2750
0.01 55 5500

The infrared spectrum of aqueous HAN is complex, containing contributions

+
from the HA and NO ions and from the water molecule. In order to simplify

data interpretation, the spectra of aqueous hydroxylammonium chloride (HAC)

and of water-tetrahydrofuran (THF) mixtures were also recorded. Analytical

Grade HAC (Mallinkrodt Chemical Works) was used without further purifi-

cation. HAC is not as soluble in water as HAN, 8 M being the highest

,7
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concentration obtainable at room temperature. FTIR spectra of 8, 6, 4, 2, and

1 M HAC solutions were recorded. Water spectra over the concentration range

0.1-55 M were obtained on water-THF mixtures. THF was chosen as th.e solvent

because its spectral absorption bands barely overlap those of water.

TEAN was obtained as a crystalline solid from the Elkton Division of

Morton-Thiokol, Inc. and was used without further purification. LGP 1845 was

obtained from the same source. TEAN solutions were prepared with distilled

water; the maximum TEAN concentration used was 4.81 M, which is close tc

saturation at room temperature.

Spectra of the separate propellant components were obtained as a function

of concentration. Water-THF spectra are shown in Figure 2. Although spectra

were obtained over the water concentration range 55.5-0.1 Molar, for purposes

of clarity, only the 55, 40, 20, 10, and 4 M spectra are shown in Figure 2.

1.600

0.930

o.a6 -

.5 P p.790

b 0.6sj -
$
0 0.5Sao -

0 .510 -
b
06 0.440 -

n 0. 3:70 -

Ce .9. 330 -

0. 210 '"t " O '  (\

-.0 20 i L . .

4000 3C.70 :33 0 31 2 06, 23 : :.

. ,'o fl U C r S

Figure 2. FTIR Spectra of Water-THF Mixtures: 1 = 55M, 2 40M,
3 = 20M, 4 = 10M, 5 = 4M
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The spectra of HAN-water mixtures are shown in Figures 3 and 4. Figure 3-1

covers the spectral region 700-4000 cm and is limited to HAN concentrations

of 1, 2, 4, 10, and 14 Molar. A portion of the Figure 3 data covering only-1
the spectral region 900-1600 cm is shown in Figure 4. Additional spectra

obtained from 8, 12, and 16 Molar HAN are included in Figure 4. In both

Figures the spectra show complex, concentration dependent features.

i

1.27 -

S1.1 -
1~ I

b 1.0s __'

0.83 -
b
d. . 2 - -

e , i't
n 0.61B - U '  ,

0.28/
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R~~~~~V. 06 -- : ',,_.,.
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Figure 3. FTIR Spectra of HAN-Water Mixtures: 1 1 M, ____2M,

3 4M, 4 10M, 5 14M
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Figure 4. Aqueous HAN: Spectral Range = 900-1600 cm , HAN
Concentration = 1, 2, 4, 8, 10, 12, 14, 16 Molar

TEAN-water spectra, obtained as a function of concentration, are shown in

Figure 5.
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Figure 5. FTIR Spectra of TEAN-Water Mixtures: 1 = 4.81M,
2 - 4M, 3 = 2M, 4 = IM

The FTIR spectrum of LGP 1845 is presented in Figure 6. As noted in

Table 1, this mixture is 9.62 M in HAN, 1.38 M in TEAN, and 13.64 M in

water. A synthetic spectrum created by combining the spectra at appropriate

concentrations of the individual components of the propellant is included for

comparison.

11
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Figure 6. FTIR Spectrum of LGP 1845: 1 = LGP1845, 2 = Synthetic Spectrum

IV. DISCUSSION

1. THE SPECTRA AND STRUCTURE OF HAN-WATER MIXTURES

The concentrative properties of the HAN-water system together with the

FTIR-CIR technique permits acquisition and evaluation of spectra over a very

wide concentration range. The three components, HA , NO , and H20, each has
3

a distinct, and to a large extent, non-overlapping vibrational spectrum.

12
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Although the spectrum of the nitrate ion alone is extremely sensitive to

changes in its environment and has been extensively used as a structure
19 20

probe to provide evidence for ion-pairing and hydration, the spectra of

the cation and solvent should provide additional information about these

interactions.

a. The FTIR spectrum of the nitrate ion. The isolated NO ion has D3h3~

symmetry with six normal vibrations, they are v 1(Al ) , Raman active only;
I11

S2(A ) , infrared active only; v 3(E') , Raman and infrared active;

S4(E') , Raman and infrared active. The V and V 4 modes are doubly4 ~3 4

degenerate, so the vibrational spectrum of the isolated ion should consist of
21-25

four bands. It has been known for some time that the nitrate ion

interacts both with solvent and, at sufficiently high concentration, with the

cation present. These interactions can destroy the symmetry of the isolated

ion and remove the degeneracy of v3 and V4 . The degenerate v3 mode is split

into two bands in aqueous nitrate solutions. Although the u 4(E') mode remains
19

degenerate in dilute aqueous solution, another band appears in the

V4 spectral region in concentrated nitrate. This new band is believed to be

caused by a new species, a contact ion-pair, and is thus not an indication of

removal of the v4 degeneracy. The nondegenerate modes, V1 and V2 give rise,

in principle, to two bands. The broadness of the bands obtained often causes

lines to be hidden under a contour so that not all of the theoretically

predicted bands are observed and complete resolution of the band system is

rare. Observation and analysis of the band system can deteriorate to

detection of an asymmetry or, if the band appears to be symmetrical, to minor
19 26 27changes in the overall band profile. This problem could be especially

severe in the case of HAN because of possible interferences from the rich
+

vibrational spectrum of the HA ion (as compared with simpler metallic nitrate
+

systems). Fortunately, the bands of HA are adequately separated from those

of NO3 to make detailed analysis possible.

-1

(1) The v3 Region (asymmetric stretch, near 1380 cm ). The V ba nd

of NO- is intensely absorbing, limiting many past studies 2 2 to lilate
3

solutions. The CIR technique alleviates this limitation, as seen in Figure 4,
-1

where the intense absorption between 1300 and 1430 cm is the 3 (E') hand of

the nitrate ion. Several features of this band system ire ndteworthy, th-

1 3



most obvious of which is that v3 is split into two bands at all of the

concentrations shown. Previous studies at low solute concentrations in

hydrogen-bonding solvents 24  indicate that the splitting of v3 is caused by

an asymmetrically solvated nitrate ion. The data for 0.01 M HAN locate the
-1

two V3 bands at 1405 and 1358 cm , in excellent agreement with other
obsrvtios.22 24 25

observations. 2As solute concentration is increased, splitting becomes
27

dependent both on concentration and on the nature of the cation causing
20

Janz to propose that v3 (E') splitting would be a useful probe of the

structure of molten salts and concentrated aqueous solutions.

Since the band near 1300 cm shifts to lower frequency as concentration
-1

increases whereas the frequency of the band near 1400 cm remains unchanged,

splitting increases with increasing concentration. Although Figure 4 shows-1 -1
the 1300 cm band to be of greater intensity than the 1400 cm band, the

1300:1400 intensity ratio decreases with decreasing HAN concentration and an

intensity reversal is observed at HAN concentrations of 0.02 M or less. It
-1

appears that the 1400 cm band is associated with solvent interaction and it

seems reasonable to assign this band to the hydrated nitrate ion. The 1300
-1 21 26

cm band then results from bound (ion-paired) nitrate. At HAN

concentrations above 8 M, in which water:salt ratio is less than 4 (Table 2),
-1

the growth in intensity of the 1400 cm band with increasing HAN concen-
-1

tration is very small whereas the intensity of the 1300 cm band increases at

what would seem to be a normal rate. Since one could expect that the number

of contact ion-pairs be significant at these high solute concentrations,
-1

assignment of the 1300 cm band to bound nitrate is consistent with this

observation. Incidentally, measurement of the electrical conductivity of HAN

28
solutions shows a maximum in specific conductance at approximately 7 M. A

maximum in specific conductance usually indicates that some change has taken

place in the mixture resulting in a decrease in the number of ionic species

available for charge conduction or a decrease in mobility of the charge-

carrying species. The conductivity data thus support the production of

significant numbers of ion-pairs at HAN concentrations above 7 Molar.

Lastly, the effect of HAN concentration on the frequency of the lower
-1

frequency (near 1300 cm ) band is shown in Figure 7.

14
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Figure 7. Effect of HAN Concentration on the Frequency of
the Absorption Maximum Near 1300 cm

As mentioned previously, the frequency of this band decreases with increasing

HAN concentration. A substantial change in the rate of this decrease is seen

at about 0.8 M HAN and it seems reasonable to propose that ion-solvent

interaction dominates at low salt concentration and that cation-anion

interaction becomes significant above 0.8 M HAN. Between 0.8 and 16 M HAN,

the frequency-concentration relationship appears to be linear. Since both

water and salt concentrations are changing over this concentration range, the

observed simple linear relationship requires that the HA -NO interaction be

much stronger than, and thus overwhelm, the H 20-NO interaction.
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'Ih-" !)receding discussion is probably oversimplified in that it assumes 

only uh·o n i. tr·c1tc :c>pecies, the hydrated ion anu the ion pair, and it further 

•lSSU11•?s t.l:at these species are essentially separate entities. The effect of 

cat~on structure on the spectrum, the existence of solvent-separated ion 

pairs, and several other potential interaction mechanisms are not mentioned 

but cannot be ruled out. 

The rather simplistic argument for lifting of the mode degeneracy is also 

inadequate. For example, if interaction with solvent removes the v
3 

degeneracy, then interaction with cation (ion-pair formationL.should also do 

so and four rather than two bands should be seen at intermediate nitrate 

concentrations. That the bands seen are in fact two bands rather than four or 

more bands that overlap, is not considered. The main point made in the 

discussion is that more than one type of interaction has been observed and 

that solvation and ion-pairing are plausibl~ explanations of the data. 

(2) -1 
The v

4
(E') Region (bending, near 716 em ). The v 

4 
band neat" _, 

716 em is potentially a good diagnostic for nitrate ion structure because it 

often develops additional bands with increasing nitrate concentration. Ease 

of detection of the two bands is variable, however, and its use is limited. 

The bands are more readily resolved in solvents of lower dielectric constant; 
-for example, the Sr(N0
3 

>
2

-NH
3 

system produces two well-defined v maxima at 
-1 29 4 

723 and 709 em • Since the frequency cut-off of the equipment used is 
-1 

about 650 em and a broad absorption caused by a water librational mode 
-1 19 

,extends from 300 to 900 em , the v
4 

region is poorly suited for infrared 

solution structure investigations of the aqueous HAN system. Comparison of 

the PTIR spectra of aqueous HAC and HAN solutions show that weak features 
-1 

between 750 and 700 em are indeed produced by the nitrate ion. Baseline 

correction and 15-point smoothing was required to extract the data and the 16, 

12, 8, and 4 M HAN spectra are shown in Figure a. The 16 M and 4 M samples 
-1 -1 

show only one band at 727 em and 717 em respectively although the lower 

frequency side of the 727 cm-
1 

band and the higher side of the 717 cm-
1 

band 

is distorted. Two bands are resolved in the 12 and 8 M samples. Strengthened 

by the possible observation of ion-paired and hydrated nitrate in the v
3 

region, it is reasonable to suggest that ion-pairing dominate-s the 16 M sample 
-1 

and that the 727 em band be assigned to ion-paired nitrate. As concen-

16 



tration decreases, this band diminishes in favor of the lower frequency band,

assigned to the hydrated ion. These data are also consistent with results
18

obtained in a laser Raman investigation of aqueous HAN, in which a v4 band
-1

at 727 cm was seen in 13 M samples with a weak asymmetry on the low

frequency side. Peak frequency decreases with decreasing concentration and,
-1

at 3 M, is located at about 720 cm . Although two bands were not resolved,

the lack of band resolution could be ascribed to a number of causes ranging

from differences in equipment response and sensitivity to the possibility that

Raman response to changes in the NO ionic environment is less than infrared

response.
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(3) The v (A2") Region (bending, near 830 cm-). Resolution of the

infrared active, v 2(A 2") band near 830 cm into two or more bands is not

often reported and indeed, the FTIR-CIR spectrum of aqueous HAN in the
-1

800 cm region exhibits a one-band system as shown in Figure 9. The
-1

frequency of maximum absorbance shifts from 822 to 829 cm as concentration

decreases from 16 to 1 M; it is reasonable to propose that the frequency shift

coincides with a shift from ion-paired to solvated nitrate.
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Figure 10 presents the area under the v band as a function of HAN
concentration. As seen, area does not increase linearly and a positive

curvature is observed over the entire concentration range plotted. Riddell

and coworkers 2 7 point out that such results could indicate the presence of two

or more species. The area under a symmetrical peak is proportional to peak

intensity, I, which is, in turn, the product of molar absorptivity, J, and

concentration, C. If total intensity, It # is equal .o the sum of the

intensities of two components, Ib and If, then

it Ib + If Jbb + JC
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Figure 10. Area Under the v. Band as a Function of HAN Concentration
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where Jb and J are the molar absorptivities of bound (ion-paired) and fr _e

(hydrated) nitrate, and C and Cf are the correspondingCb d faetecorresponding ocniui. T~

nitrate is the sum of Cb and Cf; if Jb = Jf, then a plot of inteirated

intensity vs concentration will be a straight line with an intercept of

zero. Since Figure 10 shows this not to be the case, it must be as:5:me - t

Jb "F Jf which, in turn, suggests that the dipole moment is different for th

two species. In fact, Jb must be larger than Jf to satisfy the Figure 10

data. The v2 findings thus provide further support for the proposal that tw

forms of nitrate exist in these HAN mixtures.

-1
(4) The v (A I ) Region (symmetric stretch, near 1050 cm ). Th

isolated NO ion has D3h symmetry and the vd (A ') symmetric stretching mode
1 1

near 1050 cm is infrared inactive. However, the band does appear in tne

FTIR spectrum at 1043.6 cm (Figure 4) with an intensity almost equal t') the

infrared allowed v2 (A2 ") mode, indicating that the D3h symmetry has be.:

destroyed by interaction either with solvent or with the cation. The

frequency of the peak maximum remains constant over a wide concentration

range. In addition, V1 is detected at concentrations as low as 0.2 M HAN,

where cation-anion interaction is probably of minor importance. Both of these
-1

observations tend to support assignment of the 1043.6 cm band to hydrated

nitrate. However, the intensity of the v band varies with concentration in

much the same manner as does tne area of the v2 band (Figure 10), thus

suggesting that similar phenomena are being observed, and that the measured

intensity may be the sum of hydrated and ion-paired nitrate.

The v :v intensity ratio has been used to neasure degree of associ-
22 26

ation in metallic nitrate systems, a value greater than 2 being

indicative of covalent bond formation. The v1 :V 2 ratio in aquenus HAN is

approximately 0.7 and indicates that the ion-pair retains ionic character.

A summary of the nitrate data presented indicates the t, xistence of two

nitrate species in HAN-water mixtures. The dominant species is the hydr ,

nitrate ion at low HAN concentration. As HAN concentration is increased, a

oconi] ,pe-ies appjears, posses ing the properties expeted (f a ;,itrate-ti

[on-par The rat Ln 1. inoi ;tr )gly asso-iated with !nitrate thin is a3'

hot Y '-.t, i; 'i ii ;.,ira-ier 'irrijh jt the concentratt~i raige i nvest ig #

20U



there being no evidence for covalent bonding at 16 M HAN, the highest

concentration studied.

b. The FTIR spec_ 'um of the HA ion. Although the HA and NO ions

appear to form ion-pairs that profoundly affect the vibrational spectrum of

the nitrate ion and indicate that the interaction is via hydrogen bonding, it

does not necessarily follow that a companion effect will be seen in the HA +

+
spectrum since the vibrational spectrum of the HA ion might be insensitive to

such interactions. A similar argument may apply to the effec: of solvent on

the HA spectrum although A -H2
0 interaction via hydrogen bonding is

+

certainly possible. Observation of the vibrational modes of the HA ion thus

might provide information complementary to the NO data. The HA+ bands that
3

are sufficiently intense and well defined to be amenable to study and are~+
expected to interact with nitrate and/or water are the NH degenerate rock

-1 + 1near 1179 cm , the NH symmetric deformation near 1512 cm the combination

-1 + -1
band near 2720 cm , the NH 3 symmetric stretch near 2955 cm , and the 0-H

-1 12
stretching mode at about 3150 cm The portion of Figure 3 covering fre-

quencies between 2300 and 4000 cm is shown in greater detail in Figure 11.
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-1
As seen in Figure 11, the 2720, 2955, and 3150 cm bands all shift to higher

frequencies as HAN concentration decreases. The effect of concentration on-1
the frequency maximum of the combination band near 2720 cm is shown in

Figure 12.
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Figure 12. Effect of HA Conceitration on the Frequency

of the 2720 cm Combination Band

Data obtained with HAC solutions are included and, for similar concentrations,

maxima are consistently at lower frequencies than are the HAN solutions,
+

indicating that Cl interacts more strongly with either the HA or H20 protons
-24 +

than does NO-. The effect of concentration on the NH3 symmetric stretch31
near 2955 cm are comparable to the combination hand (Figure 12) data. Data

-1for the 0-H stretch of HAN at about 3150 cm are shown in Figure 13.
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Figure 13. Effect of HAN Concentration on the Frequency
of the O-H Stretching Band

One sees that the frequency of the absorbance maximum generally increases with

decreasing HAN concentration but that the rate of change is lower at both

concentration extremes. The infrared spectra at low HAN concentrations are

dominated by a broad water band system, consisting primarily of the asymmetric
-1 -1

stretch at about 3400 cm and the symmetric stretch at about 3200 cm •

Quite possibly the data at low HAN concentrations may show interference from

the H2
0 symmetric stretching band since this band shifts to lower frequency as

water concentration increases. There is no indication of interference from
-1

water at HAN concentrations above 8 M confirming that the band near 3150 cm

is indeed due to HAN.
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The data of Figure 13 at high HAN concentrations also require comment.

Although frequency continues to decrease with increasing salt content, the

rate of the decrease slows markedly above 12 M HAN. A possible explanation is

that the effect approaches saturation because the interaction causing it is
-1

essentially complete, bearing in mind that the 3150 cm band should show the
+

effect of ion-pairing via the HA O-H hydrogen.

Since both the N-H and the O-H vibrational frequencies are affected by

varying salt concentration, ion-pairing via hydrogen bonding with NO can and3

probably does involve both the N-H and O-H hydrogens. The change in O-H

frequency as a function of HAN concentration is at least 4 times greater than

the change in N-H, indicating that hydrogen bonding via the O-H group is

stronger than with N-H. The monotonic increase in vibrational frequency with
+

decreasing HAN concentration indicates that the interaction of HA with water

is probably quite weak relative to its interaction with NO3 3

+ - +
The NH 3 symmetric deformation near 1512 cm and NH3 degenerate rocking

near 1179 cm- are clearly seen in Figure 4. The 1512 cm-1 band shifts to

lower frequency with increasing HAN concentration and thus further supports

the conclusion that interaction of HA with nitrate is stronger than with

water. In the case of the 1179 cm- band, no frequency shift is seen but

intensity increases with increasing HAN concentration in much the same manner

as is seen in Figure 10. Using an argument parallel to that used in
+

explaining the Figure 10 data, it is concluded that the HA interacts with

both water and nitrate and that the interaction with nitrate is stronger than

with water.

c. The FTIR spectrum of water. The tetrahydrofuran molecule possesses a

dipole moment, so the mutual solubility of water and THF is probably the

result of dipole-dipole interaction rather than hydrogen bonding. Thus,

hydrogen bonding between water molecules is expected to be the only

significant interaction in a water-THF mixture. The spectra (Figure 2) show

two distinct features attributable to water, a broad band, the asymmetric
-1

stretching mode, appearing in the 3000-3750 cm region, and a much narrower
-1

band, the 0-H bending mode, at 1655 cm Spectral features in the 2780-3010
-1 -I

cm region and below 1525 cm are due to the THF present in the mixtures.

24
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-1
At higher water concentrations (>20 M) the THF bands at about 2900 cm 1

overlap the water bands slightly but can easily be removed by spectral
-1 p

subtraction. The frequency of the absorption maximum in the 3000-3750 cm

region is concentration dependent, the frequency decreasing as water
-1

concentration increases, whereas the frequency of the 1655 cm absorption is

independent of water concentration.

The change in frequency of the absorption maximum of the asymmetric

stretching mode of water as a function of water concentration is shown in

Figure 14.
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a Function of Water Concentration .
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A smooth curve can be drawn through all of the water-THf pointb, all of the

HAC data, and the HAN data at lower salt concentrations. This indicates that

H20-H 2
0 interactions are dominant at low salt concentration. Significant

deviation from the curve is seen at HAN concentrations above 4 M where HAN-

water interaction appears to disrupt the water structure. The data generally

lie above the curve, the higher frequencies indicating that HAN-water

interactions are weaker than the interaction of water with itself. The

pattern is not well defined although a trend toward an increase in U-H

frequency with increasing HAN concentration seems to be present. It is

possible that O-H frequency becomes constant above 12 M HAN indicating that

the nature of the interaction is quite different in these highly concentrated

mixtures from what is seen in the more common aqueous solutions usually
+

studied. In this respect, the data resemble the HA data at high salt content

shown in Figure 13. It is possible that a similar explanation, namely that

the effect saturates, applies to these data also. Here the basis for

saturation of the effect would be that so little water is now present that

water-water interactions are essentially reduced to insignificance.

It is unfortunate that HAC saturates in water at room temperature at

approximately 8 M because a slight deviation from the water-THF line is seen

above 6 M HAC. The points fall below the line indicating that Cl interacts

more strongly with water than does either nitrate or water itself. The

saturation limit prevents pursuit of this matter, although the data support

the conclusions reached in the HA spectral investigation regarding the

relative strengths of the Cl -proton and NO3 -proton interactions.

2. ANALYSIS

An analytical procedure should be direct and unambiguous if possible and

should produce a linear response to concen-tration variation over the widest

possible range. Many of the vibrational bands discussed above show variations

with concentration both in frequency and in intensity. Although such

variation permitted evaluation of the structi re of the species present in the

mixtures, it is most undesirable if 'TTR is to be ,ised for sample analysis.

The spectra in Figuresi 2, 3, and 4 (:ontaiii feattures that were not discussed

previously because their frequency does not change significantly with 7hanjing

%N 26



concentration. These features will now be used as the basis of anai',

methods for HAN and water.

a. Analysis of HAN solutions. The water spectra in Figure 2 contain two

distinct features, the broad O-H asymmetric stretching band appearing in the
-1 -1

3000-3750 cm region, and the much narrower O-H bending band at 1655 cm
& -1

Although the frequency of the 1655 cm absorption is independent of water

concentration, inspection of Figure 3 reveals that the band is strongly

subject to interference by HAN bands and is thus not available for use in HAN
-1

solutions. Frequency of the absorption maximum in the 3000-3750 cm region

is concentration dependent, the frequency decreasing as water concentration

increases. However, integrated peak area varies linearly with water content

over the entire concentration range studied, and, as seen in Figure 14,

frequency changes rather slowly with concentration over the range 10-30 M.
-1

Absorbance at 3420 cm is shown as a function of water concentration in

Figure 15, ignoring the frequency-concentration dependence entirely.
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The nitrate ion N-O symmetric stretch at 1044 cm and the HA N-O
-1

symmetric stretch at 1007 cm were not considered in discussing the effect or

structure on vibrational spectra because it was felt that these bands would

not be responsive to such variation. It is for precisely this reason that the

N-O stretching band should be most useful in analytical work. In both cas,!..;
-1

frequency is not concentration dependent. Linearity of the 1044 cm peak is
-1

shown in Figure 16 and of the 1007 cm peak in Figure 17.
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Figure I . Absorbance ,at 10)44 cm as a Function of Nitratc Ton Concentratio~n

* 28

*1 - "" " ' ' ' - - % - "' - - -'" 3 .
- 

" J .- ' $ .- - . ' .-.-. . -.- '- , - . ' '- '- - . '- . -- ' - -- - .

"' " ' ,," ' " < .",. ,,"".-'S.-""".," ""--" . . -.- v- .'".' '.',,-'-'.'.-. '-'-, ,. -,-,,,-*.. ",. , - j,-'



0.9-

0.8

0.7 -

0.6 -0.

U

Ir

u0 0.

S0.4

4

0.3 -

0.2

0.1 -

0 2 4 6 8 10 12 14 16

MOLARITY

-1
Figure 17. Absorbance at 1007 cm as a Function of

Hydroxylammonium Ion Concentration

The lines in Figures 15, 16, and 17 were obtained by linear regression of the

data. In all cases a correlation coefficient of at least 0.995 is obtained,

indicating that absorbance varies linearly with concentration over the

concentration range selected.

The HAN emerging from the electrolytic process is approximately 2.5 M and

requires concentration to about 14 M to be used in formulating propellant.

over that concentration range, water content varies from 52 to 14 M. The data

presented adequately cover the upper HAN and lower water ranges, the regions

in which concentration determination and control will be cruc:ial.
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~:.A~ ":~laugh it l.s obviot!S fr~:)m Fi9ure 4 that the N-O stretching bands are 

not the ~Jst i~te~sely absorbing bands available and, therefore, will not 

provide t.i1P :1i<;he~>!:. Jr!d1_ytical sensitivity, they are adequate for the purpose 

intended. From the slope obtained in Figure 17 (0.0512), a concentration 

change of o.og M in hydroxylammonium ion produces a change of o.oos in 

absorbance, a value well within the sensitivity limit of the instrument 

used. In like m.:trmer, the data in Figure 16 indicate a nitrate concentration 

change of 0.139 1-l for the same variation in absorbance. If greater 

concentration sensitivity is required, it can readily be accomplished by 

increasing the number of discrete reflections within the CIRcle cell. In 

,~ddition, greater sensitivity can be achieved by an increase in S/N ratio, a 

procedure that requires co-addition of a larger number of scans, since, within 

limits, S/N ratio is dou~led by quadrupling th~ number of scans. This is not 

especially burdensome since a single scan is acquired within a matter of 

seconds. 

The frequency of the 0-H asynunetric stretch is concentration dependent 

but the change is sufficiently small that, as seen in Figure 15, absorbance

concentration linearity at a fixed frequency is retained over a wide 

concentr<ttion raw;e. '!.'he slope of the line generated by the Figure 15 data 

(0.01144) produces an absorbance change of o.oos for a water concentration 

change of 0.396 M. 

Si_nce the tr:ree sp~}ctral bands used for sample analysis are acquired from 

the same scan, errors associated with sample manipulation such as weighings 

and transf~rs in serial component analysis are eliminated. Analytical 

sensitivity, however, is set by the band with the lowest concentration-

absorb.mc·~ varidt !.on (the water band). Using the very conservative value of 

0.001 change in absorbance as the limit of precision in the analysis, 10 M HAN 

(26 t1 ·..:ater) produces precision limits of± 0.34 %for water, :t 0.20 %for 

HA+, and+ 0.28% for nitrate. At 14M HAN (14M water) these values become+ 

0.63 '1, for '"'ater, ::t 0.20 %for HA+, and± 0.20 %for nitrate. Since 14M HAN 

exceects the HAN conc.::~ntration needed for propellant formulation and is the 

water worst case, a precision limit of 0.6 % for the analysis is established. 
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rne ai,ie )r t .r ce tk ii r s~ipe ani I , 1 i , i (J, -, i p 11

HAN- ater mlixtur. LS pure since hydroxylammonium to nitrate rail,, ri,,:,

ani .the sum of HAN and water must equal 100 % of the sample wider wmr

onondlt i ons. The analytical scheme is therefore quite sensitive to t-he

pitesiice of impurities although no attempt is made to identify them. From t'

Jriewpoint of on-line production control, detection of the ptesence t

imj'Lrities, rather than ietermlnation of tneir identity or -n t. tr, ;

the critical matter. In this regard, the analytical scheme outlini i. vey

4e1l suited to the task.

Although the Sirius 100, a research spectrometer, was asei t, )bli'.

data presented, simpler instruments utilizing the same optical path are

available. These instruments lack many of the features of the reSeartl,.

instrument and are therefore not as versatile, nor are they amenable t.

complex and sophisticated data handling and reduction. They do, howevr,

possess the same optical quality as the research instrument, are sim}p4-- '

operate, and are probably somewhat more rugged, features that are hirh1y

desirable in a production facility. The simpler instruments can also

programmed to use the results of the analysis obtained to control ';arloUs

processes that are an integral part of materiel production such as vacklumr

level, thermal input, and flow rate. It is anticipated that sampling and

analysis will be continuous and that discrete analytical values will be

available at intervals of one minute or less. Since the analysis is noti-

destructive, samples can be returned to the production line eliminating any

requirement for waste disposal.

b. Assay of HAN-Based propellants. The propellants LGP 1845 and 184t.

contain water, HAN, and TEAN. Although the contents of this report deal

mainly with water and HAN, the pxotential of the FTIR-CIR technique for

complete propellant assay should not be overlooked.

-1
The TEAN spectra shown in Figure 5 contain the 1360 cm nit at, io

band, seen in Figures 3 and 4 and, as expected, the 1655 cm water hanal i-n

seen. The most obvious differences between the TEAN and HAN spectra are i:,
-1

the 950 - 1100 cm region. Although not analysed in detail as yet, Wto' cx

that specific bands will be available for analytical , Thi: ,, ,
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reinforced by the data shown in Figure 6 in which a propellant spectrum

synthesized from the spectra of the separate components is compared with tne

spectrum of LGP 1845. Excellent agreement, both in overall shape and in

relative peak height, is observed although detailed investigation of the TEAN-

water and TEAN-HAN-water interactions are required before such analyses car b-

proposed with the degree of certainty presently available for the HAN-water

system.
U

V. CONCLUSIONS

The infrared spectrum of the nitrate ion in aqueous HAN indicates that

ion-pairs are formed in these solutions. Evidence for cation-anion contact i:;

seen at relatively low salt concentration although hydration of the nitrate

ion is seen and is still dominant. Hydration is readily observed as a

splitting of the degenerate 3 mode at HAN concentrations as low as 0.01 M,

concentrations in which ion-pairing is probably unimportant. As HAN

concentration increases, a strongly hydrogen-bonded, cation-anion pair becomes

the major species, interactions being much stronger than those of the ions

with solvent. The ion-pairs become the dominant species at about 8 M. All of

the nitrate data support the existence of two nitrate species in these

mixtures although the v data are the least equivocal. The data are self-

consistent showing the formation of a nitrate species at low salt concen-

tration that is gradually converted to a second species as salt content

increases.

The infrared spectrum of the hydroxylammonium ion supports these

conc-lt'ximn and p)rovides evidence concerning the naiture of the hydrogen bond:;
+ 12

forme,]. The HA io)n has C5 symmetry with the 0-H hydrogen and one of the N-

H hylro)Jens l/nj in the Cs niane. The nitrate ion can interact with any of

the hyirpn,q-rs, 1)riu' i thrtee ion-pair zrientations. Although the specific

ion-pairs ire i ,)t resolv i in the "'PIR sp~ectrum, there is evidence that the

)-li ipr )t )n 1:i t -. siferiie te for hy,1rogen bonding. In this regard, ttie

strit re )f the- in-pair strongly resembs the strticture obtained by

," ,:rystill 'r qjr hL i.l ',is if ,p.i ti HAN.
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Ion hydration is also observed as a perturbation of the water spectrum at

low salt concentrations. With increasing salt content, water structure is%

disrupted, indicated by a significant increase in the 0-H stretch frequency.

In this context HAN can be considered a structure breaker, H 0 -NO 3adH0H

bonding being stronger than H2 20 bonding.

An analytical scheme, based on the FTIR spectrum of HAN, has been

developed. The scheme is doubly redundant and is, therefore, highly sensitive

to the presence of impurities. The scheme is accurate, is capable of analysis

with a precision of ± 0.6 %, and seems well suited for use in a manufacturing

facility to provide on-line analysis and process control. Although not

addressed herein, it is expected that the equipment and technique used will be

equally capable of analysing and controlling TEAN production, the third

component in LGP 1845 and LGP 1846.

The use of FTIR spectroscopy for propellant assay has a number of

virtues, not the least of which is simultaneous analysis of all of the major

components of the mixture. Although the equipment required is fairly

expensive and requires training and expertise for proper operation and

maintenance, experience has been that the system is sufficiently stable to

permit unattended operation for extended periods. On-line monitoring and

control of the concentration and purity of propellant components are obvious

applications of this analytical method, which makes the technique especially

well suited for production quality control and product assurance. Automated

and rapid analysis of large numbers of samples obviates the initial high cost

of the equipment, which, with appropriate programming, can be used to control

the entire component production and propellant blending process. The spectral

richness, in general, of high-resolution FTIR spectra permits detection of

contaminants although their identification and quantitative determination is a

far more complex matter. For purposes of quality control, however, detection

iu; often all that is required.
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